The connection between noncentrosymmetric materials' structure, electronic structure, and bulk photovoltaic performance remains not well understood. In particular, it is still unclear which photovoltaic (PV) mechanism(s) are relevant for the recently demonstrated visible-light ferroelectric photovoltaic (K,Ba)(Ni,Nb)O 3−δ . In this paper, we study the bulk photovoltaic effect (BPVE) of (K,Ba)(Ni,Nb)O 3−δ and KNbO 3 by calculating the shift current from first principles. The effects of structural phase, lattice distortion, oxygen vacancies, cation arrangement, composition, and strain on BPVE are systematically studied. We find that (K,Ba)(Ni,Nb)O 3−δ has a comparable BPVE with that of the broadly explored BiFeO 3 , but for a much lower photon energy. In particular, the Glass coefficient of (K,Ba)(Ni,Nb)O 5 in a simply layered structure can be as large as 12 times that of BiFeO 3 . Furthermore, the nature of the wavefunctions dictates the eventual shift current yield, which can be significantly affected and engineered by changing the O vacancy location, cation arrangement, and strain. This is not only helpful for understanding other PV mechanisms that relate to the motion of the photocurrent carriers, but also provides guidelines for the design and optimization of PV converters.
I. INTRODUCTION
As the world power consumption and carbon emissions continue to increase, solar energy has drawn even more attention because it is clean, abundant, and sustainable, and thus is widely seen as a long-term substitute for traditional fossil fuels [1] . Efficient solar energy conversion relies primarily on semiconducting photoabsorbers with a low band gap (E g ), allowing absorption of most of the solar light reaching the earth. With light absorption, electrons are excited to the material's conduction band (CB) for electricity generation or catalysis [2] [3] [4] . However, the photo-excited electrons may also recombine radiatively or nonradiatively with the created holes, reducing the power conversion efficiency. In conventional solar cells, this recombination rate is minimized by an externally engineered asymmetry, i.e., electrons and holes are separated by the electric field in a p − n junction or other interface.
This not only complicates the device fabrication, but also imposes the Shockley−Queisser limit on the power conversion efficiency of this type of device [5] . Ferroelectric (FE) solar converters, lacking inversion symmetry due to intrinsic spontaneous polarization, can separate photo-excited charges by the depolarization field or by the bulk photovoltaic effect (BPVE) [6] [7] [8] . In the BPVE, a spontaneous direct short-circuit photocurrent is generated when electrons are continuously excited to a quasiparticle coherent state that has an intrinsic momentum, avoiding the need for an interface to separate charge. In particular, the BPVE is able to generate an above-band-gap photovoltage [9] , potentially enabling a higher power conversion efficiency than the Shockley−Queisser limit.
However, most conventional ferroelectric materials have wide band gaps [E g >2.7 eV for BiFeO 3 , E g >3.5 eV for Pb(Zr 1/2 Ti 1/2 )O 3 ], limiting their ability to absorb the visible light that makes up the biggest fraction of the solar irradiance. Thus, an enormous amount of efforts has been focused on the design and optimization of FE materials in order to reach a lower band gap [4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Among them, the study and improvement of ferroelectric oxides are particularly important, as these materials can be integrated into the conventional electronics [26] [27] [28] [29] [30] [31] [32] [33] [34] . In particular, recently a ferroelectric perovskite (K,Ba)(Ni,Nb)O 3−δ (KBNNO) has been successfully synthesized and demonstrated to have a near-optimal band gap (1.39 eV), exhibiting good photovoltaic (PV) performance [35] . While this has substantially advanced the area of ferroelectric photovoltaics, there remain open questions. For example, what is the underlying PV mechanism in this material? Furthermore, this material is also able to exhibit BPVE, as previous time dependent perturbation theory analysis has shown that BPVE, in principle, can arise in any polar material through the "shift current" mechanism [36, 37] . Actually this becomes even more fascinating when taking into account that the parent KNbO 3 is an interesting nonlinear optical (NLO) material with high NLO coefficients [38, 39] . In this paper, we study the BPVE and its correlation to structural and electronic properties in KBNNO and KNbO 3 from first principles. The connection between the photocurrent and electronic structure elucidated here is not only useful for understanding other PV mechanisms in KBNNO in the sense that all these PV mechanisms relate to the light absorption and the motion of the photo-excited carriers and thus to the electronic properties, but also can be generalized to other similar materials that have great tunability of orbital character near the band gap.
II. COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were performed with the local density approximation (LDA) functional, as implemented in the QUANTUM-ESPRESSO code [40] [41] [42] . Norm-conserving, optimized nonlocal pseudopotentials were used to represent all elements [43] . The DFT+U method was used to improve the description of d-orbital electrons by better accounting for the correlation effect, with Hubbard U parameterized by the linearresponse approach [44] . The calculated Hubbard U values are 3.6 eV for Nb in KNbO 3 , and 3.97 eV and 9.90 eV for Nb and Ni in KBNNO. The shift current was calculated with a previously developed first-principles approach based on time-dependent perturbation theory, which yields good agreement with experiment for the prototypical ferroelectric oxides, such as BiFeO 3 [37, 45] . To calculate the shift current, a self-consistent calculation was first done by the LDA+U approach for the structures fully relaxed by LDA, followed by non-selfconsistent calculations with much finer k grids. We used the LDA relaxed structures for shift current calculations, as LDA was shown to describe well the KNbO 3 structural properties, with only 0.3% underestimation of the tetragonality c/a [23] . The Monkhorst-Pack k-mesh method [46] was used to sample the Brillouin zone. To converge the shift current, the k grid must be sufficiently dense, e.g., a 40×40×40 k grid was used for a typical ABO 3 unit cell. In order to overcome the self-interaction error of the standard DFT method, we also used the HSE06 hybrid functional to calculate the band gaps of some compositions [47] . The HSE06 hybrid functional improves the band gap description by including a proportion of the exact exchange interaction, while the correlation part remains the same as in the standard DFT method; it only serves as a corroboration of the band gap here. We also adopted the GGA+U method to calculate the shift current of KNbO 3 and some KBNNO structures, and confirmed that the shift current spectral features are essentially similar to those obtained by the LDA+U method (the change of the shift current magnitude is tiny), except for slightly larger onset photon energies in the GGA+U case.
III. RESULTS AND DISCUSSIONS
A. The BPVE of KNbO 3 Shift current, as a dominant mechanism for the BPVE, is a second-order nonlinear optical effect with the photocurrent quadratic in the electric field (J q = σ rsq E r E s ) [37] . The Glass coefficient
describes the current response in a thick sample and includes the light attenuation effect due to the absorption coefficient α rr (ω).
We start by calculating the shift current of the parent material KNbO 3 . KNbO 3 is a typical ABO 3 perovskite ferroelectric oxide that occurs in various different phases. At temperatures above 691 K, KNbO 3 is in a paraelectric cubic phase with space group P m3m.
As the temperature decreases below 691 K, it first undergoes a phase transition into a tetragonal phase (space group P 4mm), and then into an orthorhombic phase at 498 K (space group Amm2) and an even more distorted rhombohedral phase with space group R3m at 263 K. Concurrently with the structural transitions from cubic to tetragonal, orthorhombic, and rhombohedral phases, the NbO 6 octahedra become more severely distorted through octahedral tilting and rotation, and the Nb ions move away from the center of the O 6 cages.
As a typical ABO 3 perovskite semiconductor/insulator, the valence band maximum (VBM)
of KNbO 3 arises mainly from the O 2p orbitals, while the conduction band minimum (CBM)
is predominantly composed of Nb 4d orbitals [48, 49] . Also, the band gap of KNbO 3 increases significantly when the structure changes from cubic to the more distorted rhombohedral phase, because of the correlation between the NbO 6 octahedral distortion and Nb ions offcenter displacements and the electronic structure [22] . Correspondingly, experiment finds a wide range of band gap values, from 3.3 eV for the cubic phase [50] to 4.4 eV for the tetragonal phase [51] . Our previous HSE06 calculation also shows that the band gap of the rhombohedral KNbO 3 is ≈0.6 eV larger than that of its tetragonal counterpart (Table I ) [22] . Figure 1 shows the calculated shift current susceptibilities and Glass coefficients of KNbO 3 in its ferroelectric tetragonal, orthorhombic, and rhombohedral phases. For convenience, we only shows the largest tensor element xxZ, where the upper case letter represents the shift current direction. Clearly, the magnitude of the maximum shift current susceptibility for the room-temperature orthorhombic phase with respect to the photon energies between E g and E g +1.0 eV (≈15×10 −4 V −1 ) is more than twice that of the more broadly studied for photovoltaic applications with high photon energies (ultraviolet light), but it is not as good as BiFeO 3 for light at the visible-UV edge (3.0-3.2 eV), since BiFeO 3 has a much lower band gap (2.7 eV). Following the band gap change as structural phase is changed, the onset photon energies of both the shift current susceptibility and the Glass coefficient are the lowest in the tetragonal phase, followed by that in the orthorhombic and rhombohedral phases, suggesting that the greater the lattice distortions, the higher the energy required to trigger a shift current response. It should be pointed out that the symmetric cubic phase is not able to exhibit shift current, although it has a lower band gap. Furthermore, for the same photon energies that are ≈1.2 eV above the band gap of the tetragonal phase
g is the LDA+U band gap of tetragonal KNbO 3 ), all three phases exhibit comparable magnitude of both the shift current susceptibility and the Glass coefficient, with the response in the tetragonal phase slightly smaller than those in the other two phases.
It is noteworthy that the band-edge (different E g , and thus different photon energies) shift current response and Glass coefficient of the tetragonal phase are much smaller than those of the other two phases. However, there are still three inequivalent O vacancy sites adjacent to Ni: the top apical site (with the Ni Nb -V ·· O local polarization parallel to the overall polarization), the equatorial site, and the bottom apical site (with the Ni Nb -V ·· O local polarization antiparallel to the overall polarization). We study extensively the stabilities of different O vacancy sites by using supercells with different compositions or cation arrangements, including both layered and rocksalt B-cation structures (Fig. 3) . As shown in Table II (Table I) . Therefore, this cation arrangement would be a great bulk photovoltaic in a thick sample if the vacancy locations can be controlled. Compared to the Glass coefficient spectrum, there is not any peak in the shift current susceptibility spectrum or in the shift vector spectrum for photon energies near 1 eV. The Glass coefficient is large because the absorption coefficient at these energies is extremely small. These electronic transitions are Also, comparison of the layered and rocksalt cation arrangements, both with the apical O vacancies, shows that the rocksalt cation arrangement exhibits a much larger shift current susceptibility, albeit with a higher onset photon energies, whereas its Glass coefficient is smaller at lower energies (<2.8 eV) but greater at higher energies (>2.8 eV) with respect to that of the layered arrangement (Fig. 4) . Simultaneously, the imaginary dielectric constant, which is proportional to the transition rate, of the rocksalt cation arrangement is also smaller for photon energies smaller than 2.8 eV, but greater for the photon energies above 2.8 eV.
Comparison of the shift vector shows that even though the rocksalt arrangement has a smaller shift vector for the whole spectral range, the difference in the magnitude is decreasing with increasing photon energies. Figure 6 shows the PDOSs of both the 1 × 1 × 2 layered and rocksalt cation arrangements. Clearly, the top of the VB has Ni 3d zy/zx orbitals in the layered arrangement, but the VB has Ni 3d xy orbitals in the rocksalt arrangement, (Table I) and a higher shift current onset photon energy, but also an overall enhancement of the shift current magnitude. Therefore, we see that the resulting shift current is significantly affected by the orbital character of the electronic transitions and the localization of these electronic states, which are in turn affected by the structural properties including the lattice asymmetry, the cation arrangement, and the location of the O vacancies. to the top of the VB for x=1/2 (Fig. 7) . This more extended wavefunction nature along the shift current direction allows for an easier motion of the shift current carriers, corresponding to the larger Glass coefficient for x=1/2.
Previous experiment has shown that the x=0.1 KBNNO solid solution has the lowest band gap and exhibits the best photovoltaic performance [35] . Therefore, in the following we choose the 2 × 2 × 3 supercell that gives our lowest calculated vacancy concentration of 2.7% (x=1/3) to study the effect of different A-and B-cation arrangements on shift current. positions with respect to each other (Fig. 8) . The A cation arrangement only has a slight effect on shift current, including both its magnitude and photon energies. This is because the ionic radii of the K + (1.64Å) and Ba 2+ (1.61Å) ions are quite similar, and thereby the change of the distribution of the Ba 2+ ions has only a minor effect on the overall structure.
Also, the valence state of the A cation has a very delocalized s orbital character, which also has a minor effect on the electronic structure. As a result, all three structures with different (also some Nb 4d z 2 ) orbital character.
but in the B 3 arrangement the O 2p orbitals make the major contribution (Fig. 9) (Fig. 10 ). This change of the structural asymmetry is only moderate. However, for the NiO 5 complex, the removal of one O atom at the apical site provides space for the O atom at the opposite site to move away from the central Ni atom. Correspondingly, the Ni-O distance along the Cartesian z direction is much larger than that in the xy plane, giving rise to a near-square-planar symmetry, as (Fig. 8) .
The calculated maximum shift current susceptibility of the 2×2×3 solid solution is
, which is six times as large as the experimental observation for KBNNO (the samples are not completely poled) [35] , and is also comparable to that of It has been shown that strain can substantially affect the octahedral cage distortions, rotate the polarization, and change the band gap of perovskite oxides [22, 52, 53] . Each of these can have a significant effect on the material's shift current response. In order to study the effect of strain on shift current, we apply in-plane compressive strains to the 2/3KNbO 3 -1/3Ba(Ni 1/2 Nb 1/2 )O 11/4 solid solution, in which the two Ni atoms are distributed along the body diagonal positions (B 1 ). In this configuration, the O vacancy is adjacent to only one Ni atom, leaving an O 5 environment around this Ni, but an O 6 environment to the other Ni. Figure 11 shows the calculated Glass coefficient as a function of the in-plane compressive strain. It is evident that the magnitude of the Glass coefficient decreases steadily with increasing in-plane compressive strain. Concurrently, the shift current onset photon energy also increases, suggesting a bigger band gap with enhanced strains. This is contrary to the naive expectation that the magnitude of the Glass coefficient will increase with strain because of the polarization rotation towards the [001] direction and the overall enhancement of the structural asymmetry along the z direction when applying in-plane compressive strains.
However, this change can also be rationalized by the electronic structure and wavefunction analysis. PDOS analysis shows that the impurity state that is originally above the top of the VB shifts downwards and finally merges into it as the in-plane compressive strain increases (Fig. 10 ). This shifts downwards the original d z 2 orbital dominated gap state, giving rise to both a larger band gap and a smaller Glass coefficient.
IV. CONCLUSIONS
In summary, we study the bulk photovoltaic effect of the prototypical KNbO 3 and visiblelight ferroelectric photovoltaic (K,Ba)(Ni,Nb)O 3−δ from first principles. The effect of lattice distortion, oxygen vacancies, cation arrangement, composition, and strain on shift current are systematically studied. We find that the maximum shift current response (with UV absorption) of the orthorhombic KNbO 3 is more than twice that of BiFeO 3 , although KNbO 3 has a wider band gap. Furthermore, the band-edge shift current response of the tetragonal KNbO 3 is smaller than that of its rhombohedral counterpart. This occurs because a more isotropic lattice distortion in the rhombohedral phase reduces the splitting between the d xy and d zx/zy orbitals, leading to a larger electronic contribution of the z-direction-extended state to the shift current.
In (K,Ba)(Ni,Nb)O 3−δ , the charge compensation affects significantly the favorable location of oxygen vacancies, with more stable O vacancy location based on more effective charge compensation. The layered arrangement with apical O vacancies exhibits a much larger shift current response than that with equatorial O vacancies, as the lattice asymmetry is enhanced in the former, but reduced in the latter case. Compared to the layered arrangement, the rocksalt arrangement has more localized electronic states, giving rise to a larger density of electronic transitions within a narrower energy range. Combined with the effect of the more extended d z 2 orbital, this gives rise to a larger shift current susceptibility. The effect of composition and A-cation arrangement on shift current is moderate, whereas the B-cation arrangement substantially affects both the electronic structure and the shift current, which can be rationalized by crystal field theory analysis. With an O 6 environment around some of the Ni, the band gap is lowered, and the final shift current yield is enhanced. The effect of strain on shift current is indirect, through the change of the wavefunction nature of the contributing electronic states, which can be used to engineer the shift current in a predictable fashion. It is noteworthy that the shift current response of (K,Ba)(Ni,Nb)O 3−δ is comparable to that of BiFeO 3 , but at a much lower photon energy. More importantly, the order of magnitude enhancement of the shift current response can be gained by simply layering the (K,Ba)(Ni,Nb)O 5 solid solution, with its Glass coefficient reaching 12 times that of BiFeO 3 .
Finally, we have demonstrated extensively that the shift current is dictated by the wavefuction nature of the contributing electronic orbitals, which are in turn unanimously related to their structural properties. Therefore, we have built up a bridge between materials' structural properties and their photovoltaic performances, and provided a pathway for analyzing and elucidating the connections among these different physical properties. The elucidated connection between materials' structure, electronic structure, and shift current is useful for the design of bulk photovoltaic materials and understanding their PV mechanisms.
